The spin Hamiltonian (SH) parameters (zero-field splitting D, anisotropic g factors g and g ⊥ ) and the local structure of the trigonal Cr 3+ centers I, III and IV in CsMgCl 3 are studied using the perturbation formulae for the SH parameters for a 3d 3 ion in trigonal symmetry based on the cluster approach. In these formulae, not only the contributions from the conventional crystal-field (CF) mechanism, but also those from the charge-transfer (CT) mechanism are taken into account. According to the studies, the metal-ligand bond angle related to the C 3 -axis is found to increase from β H (≈ 51.71
Introduction
CsMgCl 3 has been well investigated due to the up-conversion and luminescence properties in doped crystal [1] [2] [3] [4] . For example, some magnetic centers in this material doped with transition-metal ions (e.g. Cr 3+ , V 2+ , Mn 2+ and Ni 2+ ) were studied by means of electron paramagnetic resonance (EPR) technique decades ago [5] [6] [7] . In particular, Cr 3+ is an interesting system due to the 4 A 2 orbital singlet in octahedral coordination and some important works have been carried out on its energy levels and spin Hamiltonian (SH) parameters for various Cr 3+ -doped crystals [8] [9] [10] [11] [12] . For CsMgCl 3 : Cr 3+ , various trigonal Cr 3+ centers (labeled as I, III and IV) were observed, and their SH parameters zero-field splitting (ZFS) D, anisotropic g factors g and g ⊥ were also measured at 1.6 K [6, 7] . According to Takeuchi et al [7] , the trigonal centers I, III and IV can be attributed to Cr 3+ occupying the host Mg 2+ site associated with no charge compensation (I), one Mg 2+ vacancy V Mg (III) and Li + compensators as the next-nearest neighbor along the C 3 -axis (IV). The SH parameters of center I were theoretically studied using two adjustable trigonal crystal-field (CF) parameters ν and ν [8] . Up to now, however, the defect assignments have not been theoretically verified, and the local structure of these centers has not been determined.
Since information about the electronic states and local structure of the trigonal Cr 3+ centers would be helpful to understand the properties of CsMgCl 3 , theoretical studies of the SH parameters and the local structure are of significance. The validity of the theoretical investigations of local structure depends on the reliability of the formulae for the SH parameters. As for the SH parameters of 3d n ions in crystals, their microscopic origins result from not only the conventional CF mechanism (related to the CF energy levels) as treated in [8] , but also the charge-transfer (CT) mechanism (related to the CT energy levels) [13, 14] . Since the energies of CT levels decrease with increasing valence state [15] , the CT contributions to SH parameters for isoelectronic 3d n ions (e.g. Cr 3+ in the studied systems) may be important and cannot be neglected. To carry out further theoretical investigations, here we study the SH parameters and the local structure of the Cr 3+ centers using the perturbation formulae for D and g i for a 3d 3 ion in trigonal symmetry based on the cluster approach and include both the CF and CT contributions.
Theory and calculations
Isomorphous with CsNiCl 3 , CsMgCl 3 has a hexagonal structure with parallel linear chains of [MgCl 6 ] 4− octahedron shearing faces [5, 6] 3− cluster (center I), if charge compensation is remote [7] . In general, the impurity-ligand bond length R and the angle β related to the C 3 -axis may differ from the pure host values R H (≈ 0.2496 nm [5] ) and β H (≈ 51.71
• [5] ) in crystal, due to the difference in size and charge between the impurity and the host ions. The trigonal distortion from cubic symmetry for this center may be characterized by β(= β − β 0 ), where cubic β 0 ≈ 54.74
• [16] . Since Cr 3+ contains an extra positive charge as compared with the host Mg 2+ , either an Mg 2+ vacancy V Mg or monovalent Li + may occur in the next-nearest neighbor along the C 3 -axis to ensure charge compensation [7] . Consequently, another two trigonal Cr 3+ centers III and IV are formed. Due to the effective negative charge of V Mg or Li + , the three Cl − ions (the upper triangle labeled as '1') closest to the compensator for center III (or IV) may be displaced away from the compensator by an amount X III (or X IV ), while the lower triangle (labeled as '2') may remain unchanged due to it being much farther away from the compensator (see figure 1 ). Since all the centers originate from substitution of Mg 2+ by Cr 3+ , their impurity-ligand bond length R and angle β may be similar in the absence of charge compensation, and center III or IV differs from center I only in the upper triangle due to the presence of the compensator V M or Li + . This implies that R i ≡ R and β i ≡ β(i = 1, 2) for center I and R 2 ≡ R and β 2 ≡ β for center III (or IV), and that the new bond length R 1 and angle β 1 for the upper triangle can be determined from those (R and β) for center I and the corresponding ligand displacement X III (or X IV ). Thus, the local structure of the trigonal center I, III or IV is described by the difference β (or local angle β), the displacement X III or X IV , respectively. For a Cr 3+ (3d 3 ) ion in a trigonally distorted octahedron, the perturbation formulae for the SH parameters for the 4 A 2 ground state were derived on the basis of the CF mechanism and the cluster approach [8] . In the perturbation procedure, the cubic part V cub of the CFs and the diagonal terms H a of the electrostatic Coulomb interaction are selected as the zero-order Hamiltonian [7, 17, 18] . Since the CT mechanism is considered here, the perturbation Hamiltonian can be written as
where H b , H SO , H Ze and V tri are, respectively, the offdiagonal terms of the electrostatic Coulomb interaction, the spin-orbit coupling, the Zeeman term and the trigonal CF interactions. The superscripts denote the CF and CT mechanisms, with the corresponding spin-orbit coupling coefficients ζ CF , ζ CF , ζ CT , ζ CT and the orbital reduction factors k CF , k CF and k CT , k CT . Here, the related parameters ζ and k (and those with prime) stand for the diagonal (and offdiagonal) elements of the spin-orbit coupling and the orbital angular momentum operators, respectively. Considering the contributions to the SH parameters from CT excitations, one can write the many-electron wavefunctions of the CT configurations in terms of sevenelectron wavefunctions out of t 2 n , e a and e b , where the superscripts n, a and b denote the non-bonding orbitals, anti-bonding orbitals (corresponding to the CF mechanism) and bonding orbitals (corresponding to the CT mechanism) [13, 14] 
From the cluster approach, the molecular orbital (MO) orbitals [19] 
are taken as the one-electron basis functions for the octahedral 3d 3 cluster. The subscript γ (= t 2g or e g ) stands for the irreducible representation of O h group, the superscript x (= a or b) denotes the antibonding or bonding orbitals. |d γ is the d orbital of the 3d 3 ion and |p γ is the p orbital of ligands. N x γ is the normalization factor and λ x γ is the orbital mixing coefficient. In addition, we have the normalization condition
where S dp (γ ) is the group overlap integral. The above MO coefficients for the antibonding orbitals satisfy the approximate relationship [8] 
where f γ is the covalency factor denoting the ratio of the Racah parameters B (and C) to B 0 (and C 0 ) for the 3d 3 ion in a crystal and free state. On the other hand, the orthogonality relationship
holds for the antibonding and bonding orbitals. Utilizing Macfarlane's perturbation-loop method as adopted in [8, 17, 18] (note: in these studies only the CF contributions were taken into account) and the one-electron basis functions as well as the CT configurations, the new perturbation formulae for the SH parameters (ZFS parameter D and the g factors g and g ⊥ ) for 3d 3 ions in trigonal symmetry are derived as: [17, 18] . E CT is the energy difference between the CT excited 4 T n 2 and the ground 4 A 2 states. From [15] , this value can be expressed in terms of the optical electronegativity χ (M) ≈ 1.8 for metal Cr 3+ and χ (L) ≈ 3.0 for ligand
, yielding E CT ≈ 36000 cm −1 for the studied systems. For the 3d 3 ion in octahedral clusters, the spin-orbit coupling coefficients and the orbital reduction factors including only the CF contributions were given in [8] . Here, the new expressions corresponding to the CT contributions can be derived from the theoretical model in this work. Thus, the whole expressions can be given as:
{λ a e + λ a t /2 + λ a t S dp (t 2g )S dp (e g ) − λ a t λ a e S dp (t 2g )},
where ζ 0 d and ζ 0 p are, respectively, the spin-orbit coupling coefficients of the 3d 3 ion and the ligand in free state. Note that omitting the terms related to the CT mechanism, equation (8) reduce to those based on the CF mechanism only [8] .
The trigonal field parameters ν and ν , which denote the single-electron diagonal and off-diagonal elements of the trigonal CF operator V tri [20, 21] , for the various centers can be determined from the superposition model [22, 23] and the geometrical relationship of the studied systems (see figure 1) :
where t 2 and t 4 are the power-law exponents. We can take t 2 ≈ 3 and t 4 ≈ 4 due to the ionic nature of the bonds [22, 24] .Ā 2 (R) andĀ 4 (R) are the intrinsic parameters (with the reference distance or impurity-ligand bond length R). For 3d n ions in octahedra,Ā 4 (R) ≈ (3/4)D q (where D q is the cubic field parameter) [22] andĀ 2 (R) ≈ 10.8Ā 4 (R) [24] [25] [26] [27] . It is noted that the above relationship is applicable to standard 6-fold coordination only. Fortunately, the nearest neighbor Cl − ligands in centers III and IV still construct [CrCl 6 ] 3− clusters, and the compensators V M and Li + are much farther from the impurity Cr 3+ . Thus, the whole coordination number ∼6 for both centers can be regarded as suitable. In fact, the influence of the compensators may be implicitly contained in the ligand displacements X III and X IV in the following calculations.
According to equations (8) and (10), the values of β, X III and X IV can strongly affect ν and ν and hence the SH parameters of the impurity centers. So, the trigonal distortion (or the local structure) of the studied systems is related to the trigonal CF parameters and hence to the SH parameters, particularly the ZFS parameter D.
As mentioned before, the impurity-ligand bond length R and the angle β may be unlike the corresponding R H and β H in pure CsMgCl 3 . Usually, reliable theoretical determination of impurity-ligand distance R (or angle β) in crystals is difficult. However, studies based on experimental superhyperfine constant and extended x-ray absorption fine structure (EXAFS) measurements have verified that the empirical formula R ≈ R H + (r i − r h )/2 is approximately valid for impurity ions in crystals [28] . Thus, from the ionic radii r i (≈ 0.0755 nm [29] ) of the impurity Cr 3+ and r h (≈ 0.086nm [29] ) of the host Mg 2+ , we obtain R ≈ 0.2444 nm.
In equations (9) and (10), the related parameters (ζ, ζ , k, k , ν and ν ) are connected with the Racah parameters B, C and local structure of the studied systems. According to the experimental optical spectra for CsMgCl 3 : Cr 3+ , the spectral parameters D q ≈ 1360 cm −1 , B ≈ 530 cm −1 and C ≈ 2600 cm −1 are obtained [30] . Using the free-ion values B 0 ≈ 1030 cm −1 and C 0 ≈ 3850 cm −1 [31] for Cr 3+ , f γ ≈ 0.595 can be determined from equation (6) . From the distance R and the Slater-type SCF functions [32, 33] , the integrals S dp (t 2g ) ≈ 0.022 and S dp (e g ) ≈ 0.065 are calculated. Using equations (5)- (7), the normalization factors and the orbital mixing coefficients can be determined for both the CF and CT mechanisms Substituting the free-ion values (5)- (7) and (9)) established in this work. Whereas ν and ν depend on the local structural parameters β, X III and X IV and can be obtained from the superposition model.
Center I
Thus there is only one unknown parameter (local trigonal distortion angle β) in the formulae of the SH parameters for center I. Substituting the above parameters into equation (8) and matching the calculated D to the observed value for center I [7] , we obtain:
Matching the observed D within the experimental error (≈ ±0.3 × 10 −4 cm −1 [7] ), the uncertainty of the angle β is estimated to be about 0.0004
• . Thus, the impurity-ligand bond angle β may be about 2.8
• larger than the host value β H (≈ 51.71
• ). Calculations are carried out for three cases, namely, computations based on: (a) inclusion of both the CF and CT contributions and the host angle β H , (b) inclusion of only the CF contributions (i.e. all the CT terms are taken as zero) and the local angle β in equation (11), and (c) inclusion of both the CF and CT contributions as well as the local angle β. The results are compared with the experimental data in table 1.
Centers III and IV
As mentioned before, the local structural parameters R i and β i for both centers can be expressed in terms of the displacements X III and X IV (note: the displacement direction away from the related compensator is defined as positive) of the ligands in the upper triangle and the angle β in equation (11) for center I (in the absence of the compensators). Matching the theoretical values of D to the experimental data [7] , we have: X III ≈ 0.009 nm and X IV ≈ 0.003 nm (12) for centers III and IV, respectively. Matching the experimental D within the errors (≈ ±7 × 10 −4 and ±0.3 × 10 −4 cm −1 for centers III and IV [7] ), the uncertainty 0.0001 nm is estimated for both displacements. Computations are similarly carried out for the three cases, i.e. calculations based on: (a) inclusion of both the CF and CT contributions and the host angle β H and the above ligand displacements in equation (12), (b) inclusion of only the CF contributions and the local angle β in equation (11) and the displacements in equation (12), and (c) inclusion of both the CF and CT contributions as well as the local structural parameters in equations (11) and (12) . The results are also compared with the experimental data in table 1. Table 1 indicates that the observed SH parameters D, g and g ⊥ for the three trigonal centers can be reasonably explained by those (case (c)) from the new formulae equation (8) including both the CF and CT contributions and the local structural parameters β, X III and X IV in this work. However, if the host Mg 2+ -Cl − bond angle β H (≈ 51.71
Discussion
• [5] ) related to the C 3 -axis is applied, the calculated SH parameters (cases (a)) for all the centers are in poor agreement with the observed results, particularly the theoretical D values are one-or two-order in magnitude larger than the experimental data. As regards centers III and IV, although one can obtain reasonable agreement between the theoretical and experimental D [7] by adjusting the displacements, the agreement based on the optimal X III (≈ 0.038 nm) and X IV (≈ 0.030 nm) is not as good as that based on those in equations (11) and (12) . Meanwhile, the relative displacement ratios X /R(≈ 12-16%) seem a bit too large. On the other hand, the theoretical results (case (b)) based on the local structural parameters in equations (11) and (12) and only the CF contributions are not as good as those arising from both the CF and CT mechanisms (see table 1).
1. Table 1 reveals that the contributions to D (g-shift g − g s or g ⊥ − g s ) from the CT mechanism are of the same (opposite) sign and equal to nearly 11% (6%) of those from the CF mechanism. From equations (8) and (9), the CT contributions to the SH parameters mainly depend on the value of ζ CT (or k CT ), which increase with the increase of the covalency and the magnitude of the ligand spin-orbit coupling coefficient ζ 0 p . Thus, the CT contributions largely increase with valence state (covalency effect) of central ions and atomic number (spin-orbit coupling coefficient) of ligands [15] , and should be taken into account in the studies of the SH parameters for CsMgCl 3 : Cr 3+ containing mediate covalency and large ζ 0 p . Further, even for some less covalent (or ionic) systems (e.g. V 2+ -Cl − combination), the CT contributions would also be important and should be considered due to much larger ζ 0 p than ζ 0 d . Of course, importance of the above contributions is expected to be more significant for the 3d 3 clusters with higher metal valence state (e.g. Mn 4+ and Fe 5+ ) and heaver ligands (e.g. Br − and I − ) with larger ζ 0 p . 2. The increase of the metal-ligand bond angle from β H (≈ 51.71
• [5] ) in the host to β(≈ 54.48
• ) in the impurity center I may be caused by the local relaxation due to substitution of the larger host Mg 2+ by the smaller Cr 3+ . As pointed out in [5, 6] , the linear [MgCl 3 ] n chains in CsMgCl 3 are rather easily distorted to accommodate impurity ions, and even a very small local lattice deformation via the bending of the neighbor impurityligand bonds could noticeably change the local angle β and hence the trigonal distortion. Thus, the larger local angle β in center I than the host β H can be understood, when considering the local relaxation effect along the C 3 -axis. Thus, the ligand environment is changed from the considerably elongated octahedron (i.e. the large negative angular difference β H (= β H − β 0 ≈ −3.03
• )) in the host to a moderately elongated one (i.e. the medium negative β (≈ −0.26
• ) corresponding to a medium value of D) in center I, as suggested in [7] . 3. The positive signs of X III and X IV for centers III and IV are consistent with the expectation based on the electrostatic repulsion between the compensator (V M and Li + ) and the nearest neighbor ligand upper triangle '1' (see figure 1) . This makes the ligand octahedron change from elongation in the host (and also center I) to compression in centers III and IV, characteristic of the negative D. Besides, the larger X III (significantly compressed) than X IV (slightly compressed) is also in agreement with the greater effective charge (≈ −2e) of the V Mg in center III than that (≈ −e) of the Li + in center IV. Thus, the larger trigonal distortion and hence the larger D of center III can be understood. In fact, assessment of ligand displacements in crystals with transition-metal impurities is a difficult problem, involving various physical and chemical properties of host materials and dopants. Therefore, the matched X III and X IV for centers III and IV obtained in this work are only model results, which need to be verified by experiments. 4. There are some uncertainties involved in the above β, X III and X IV in equations (11) and (12) due to the following aspects. Firstly, the approximation of the theoretical model and the perturbation formulae established in this work can lead to some errors. Secondly, the errors of the spectral parameters (i.e. the uncertainties are about 5, 10 and 25 cm −1 for Dq, B and C, respectively) for CsMgCl 3 : Cr 3+ [27] may yield additional errors of about 0.01
• , 0.001 and 0.001 nm for the matched β, X III and X IV . Thirdly, the errors are also induced due to the relationship A 2 (R) ≈ 10.8Ā 4 (R) [24] [25] [26] [27] , which can affect ν and ν slightly (see equation (10)). When the ratioĀ 2 (R)/Ā 4 (R) changes within the conventional range of 9-12 [22] , the errors for β, X III and X IV are estimated to be no more than 0.01
• , 0.002 and 0.001 nm. Fourthly, the error in the E CT due to the uncertainties (∼0.1) for the optical electronegativities is estimated to be about 3000 cm −1 , yielding the errors of about 15% and 8% for D CT and g CT i . This may lead to the errors of about 1% for the resultant SH parameters and the errors of less than 0.01
• , 0.001 and 0.001 nm for β, X III and X IV , respectively. Note that the above errors due to the uncertainty of E CT may somewhat blur the importance of the CT mechanism. Nevertheless, the importance of the error for D CT (or g
is actually no more than 1.6% (or 0.5%), about one order in magnitude smaller than that (11 or 6%) of CT contributions related to CF ones (see point (1)). Thus, inclusion of the CT contributions seems still valid and necessary for better explanations of the SH parameters. Fifthly, the impurity-ligand distance R determined from the empirical relationship [28] would also bring forward some errors. However, variation of R would influence only the related group overlap integrals a little. For example, 10% change in R may yield no more than 6% modification for the group overlap integrals and thus no more than 1% errors for the resultant SH parameters. In fact, the SH parameters (and the fitted local structural parameters β, X III and X IV ) depend largely on the trigonal distortion, whereas the distance R is mainly related to the covalency or magnitude (average) of the g factors. Finally, the displacements of the Cr 3+ and another three ligands (in the lower triangle '2') are not considered in the calculations for centers III and IV. When these displacements are considered, the local structural parameters may vary slightly, leading to an increase in the angle β 1 of the upper '1' triangle and distance R of the lower triangle and a decrease in β of the lower triangle and distance R 1 of the upper '1' triangle. The influences of the above structure modifications on the trigonal distortion and the final SH parameters may almost cancel each other. Therefore, the total uncertainties for the local structural parameters are estimated to be about 0.03
• , 0.004 and 0.003 nm, respectively. 5. The matching between the calculated and experimental g factors (particularly for center III at 1.6 K) is not as good as that between the corresponding D values for all the centers. Seen from equation (8), D depends largely on the third-order perturbation terms (2/9)ζ
, which are roughly proportional to the trigonal distortion and thus closely connected with these local structural parameters. Nevertheless, the g factors come mainly from the isotropic second-order perturbation terms −8k CF ζ CF /3E 1 + 4k CT ζ CT /(5E CT ), which are nearly irrelevant to the trigonal distortion of the systems. Therefore, good fit of D may not necessarily correlate with that for the g factors. are quite similar to one another at room temperature [7] . They are also close to those (≈1.983-1.984) for centers I and IV at 1.6 K, i.e. the variations of the g factors with the decrease of temperature are not more than 0.003 [7] . However, those (≈1.990-1.995) for center III at 1.6 K are relatively larger, with much greater variations of 0.004-0.012 versus temperature [7] . Nevertheless, the magnitude (and also the sign) of D is almost the same for this center at different temperatures [7] . Thus, the changes of the experimental g factors for center III from room temperature to 1.6 K seem somewhat greater and worthy of further experimental measurements. for center IV at 300 K turns to be about half of that at 1.6 K. Matching the experimental D values at room temperature, the local structural parameters can be obtained: β ≈ 54.43
• for center I, and X III ≈ 0.009 nm and X IV ≈ 0.002 nm for centers III and IV, respectively. The corresponding g factors are almost the same as those (case (c) in table 1) at 1.6 K, since they are insensitive to the trigonal distortions (see point (5)). From the fitted local angle β for center I at different temperatures, one can find that this center exhibits larger trigonal distortion due to further elongation (larger β or smaller β) of the ligand octahedron via more intense vibration of the Cr 3+ -Cl − bonds at room temperature. Judging from the observed D values of center IV at various temperatures, the trigonal distortion is changed from slight compression (negative D) at 1.6 K to tiny elongation (positive D) at room temperature. This point can be illustrated by the smaller displacement X IV arising from weaker electrostatic repulsion due to the higher mobility of Li + at higher temperature. As for center III, the D values at different temperatures are almost the same [7] , implying that the matched ligand displacement X III should nearly remain unchanged. This center seems stable with temperature due to the occurrence of the vacancy V M .
